ABSTRACT Mesangial cells derived from isolated glomeruli of rat kidney were grown as homogeneous cell lines in culture. They released, into the culture medium, erythropoietin that had free terminal galactosyl residues and was therefore not active in vivo. The production of erythropoietin by these cells was significantly enhanced by either lowering the Po2 in the incubation atmosphere or by adding cobalt chloride to the culture medium. Therefore, mesangial cells in culture may be considered as an in vitro system in which the regulation of erythropoietin production can be studied under well-defined conditions. With this in mind, we sought to develop a cell culture system in which the biosynthesis of Ep can be studied under conditions that are much better defined than in the intact organ. We show here that renal glomerular cells, which were clearly identified to be of mesangial origin, in culture produce Ep that has free galactosyl residues. The Ep production of these cells could be enhanced by hypoxia and cobalt chloride which are well-known stimuli of Ep formation in vivo. Therefore, the present culture system can be regarded as a useful model for the study of the hypoxia-induced increase of Ep synthesis.
With this in mind, we sought to develop a cell culture system in which the biosynthesis of Ep can be studied under conditions that are much better defined than in the intact organ. We show here that renal glomerular cells, which were clearly identified to be of mesangial origin, in culture produce Ep that has free galactosyl residues. The Ep production of these cells could be enhanced by hypoxia and cobalt chloride which are well-known stimuli of Ep formation in vivo. Therefore, the present culture system can be regarded as a useful model for the study of the hypoxia-induced increase of Ep synthesis.
MATERIALS AND METHODS
The preparation of isolated glomeruli from rat kidneys and subculture of glomerular outgrowths were done as described (5) .
Cells subcultured 3 weeks after the first inoculation were used. The cells were grown in RPMI 1640 (Boehringer Mannheim) supplemented with 10% fetal bovine serum (Boehringer Mannheim), penicillin at 100 units/ml, streptomycin at 10 jig/ml, and bovine insulin (Sigma) at 0.66 unit/ml. The tissue culture flasks (Falcon) were incubated at 370C in a humidified atmosphere in incubators controlled for 02 and CO2 (Heraeus, Hanau, Federal Republic of Germany). In some instances fetal bovine serum was replaced by delipidated and deionized (6) Kalden et al. (11) .
Ep Assay. The Ep activity of the culture medium was determined with the fetal mouse liver cell test (12) and a serumfree incubation mixture (6) (14) . Samples treated in this way did not contain insulin as evaluated by radioimmunoassay. All samples were concentrated at least 10-fold on Amicon YM-10 membranes prior to their use in the assay. Some samples also were tested in the in vivo bioassay for Ep that uses polycythemic mice as described (15 Chromatography on the lectins was done as described by Spivak et al. (19) . Material that bound to WGL and RCL I was eluted with 0.01 M diacetylchitobiose (Sigma) and 0.5 M galactose (Sigma), respectively. All experiments described for the culture medium were also done with rat Ep and rat asialo-Ep. Rat Ep was partially purified by heat treatment (18) of plasma from rats exposed to hypobaric hypoxia. The asialo derivative of rat Ep was made by acid hydrolysis (20) .
RESULTS
Characterization of the Cells in Culture. Subcultures obtained at day 21 from glomerular outgrowths have been considered to be of mesangial origin (21, 22) . To identify the cells used in the present culture experiments, some cellular characteristics were evaluated. The cells were spindle shaped and grew in multilayers. Transmission electron microscopy showed an indented nucleus ( Fig. 1) as well as numerous bundles of small filaments with attachment bodies. With respect to these features, the cells were completely homogeneous. Immunofluorescence microscopy of cells treated with labeled antibodies against the subunit proteins of intermediate filaments (8, 9) showed that all cells were vimentin positive, about 70% were 21 subcultures of renal glomerular cultures stimulated the growth of late erythroid precursor cells (CFU-e) from both fetal mouse livers and adult bone marrow in a serum-free culture system. It should be pointed out here that this erythropoietic activity was found in a total of 10 independent glomerulus-derived cell cultures. Preincubation of MCCM with anti-Ep antiserum resulted in a complete loss of the stimulation of colony formation from CFU-e. In order to test the reactivity of the anti-Ep antiserum against rat Ep, its effect on the Ep activity from kidneys of hypoxic rats (23) was determined in the exhypoxic mouse bioassay (15) . It was found that the biological activity of this Ep was no longer detectable after incubation with anti-Ep. In no instance did MCCM produce a significant enhancement of the 59Fe incorporation in polycythemic mice, despite the fact that the erythropoietic activity in the concentrated medium was well above the detectable level (50 milliunits/ml) of the in vivo assay.
To obtain more information about the nature of the erythropoietic factor present in the MCCM, it was further characterized as summarized in Table 1 .
Factors Influencing Formation of the Erythropoietic Activity by Cultured Mesangial Cells. Fig. 2 pressure of oxygen in the incubation atmosphere. The erythropoietic activity was calculated by comparison with the effects of a standard Ep preparation in the assay. The erythropoietic activity increased exponentially as the partial pressure of oxygen was decreased. Addition of 10 ,uM CoCl2 to the cell culture at 20% 02 for 3 days induced an increase of the erythropoietic activity (mean ± SEM) in the MCCM from 1.6 ± 0.6 milliunits/ml (n = 5) to 5.9 ± 1.3 (n = 3).
To obtain information as to whether the formation of the erythropoietic activity in the MCCM was dependent on the presence of serum, purified bovine serum albumin (6) was substituted for fetal bovine serum in the culture medium. Cells kept for 3 days under these conditions at 2% 02 also generated erythropoietic activity that bound to DEAE-cellulose at pH 4.5.
DISCUSSION
Identification of the Cells in Culture. The cells had an indented nucleus (Fig. 1 ) and many bundles of small filaments with attachment bodies. These features are also found in glomerular and extraglomerular mesangial cells in situ (24, 25) . Glomerular epithelial cells, on the other hand, typically bear C3 receptors both in vivo and in cell culture (26) . The cultured cells had no C3 receptors and had no prekeratin, which is evidence for the absence of contaminating glomerular epithelial cells (8, 9) . Furthermore, glomerular mesangial cells are considered to be modified smooth muscle cells (25, 27) , which contract after stimulation with angiotensin II (28, 29) . The distribution of the different classes of intermediate filaments (desmin and vimentin) in the cell cultures we used was similar to the one found in smooth muscle cell cultures of vascular origin (30) . In addition, Bachmann et al. (31) have recently demonstrated the coexistence of vimentin and desmin only in glomerular mesangial cells of intact kidneys but not in other glomerular cell types. These results as well as the other cellular characteristics described above led us to conclude that the erythropoietic activity in the culture medium was produced by mesangial cells.
Characterization of the Erythropoietic Activity. The present study shows that mesangial cells in culture generated an erythropoietic activity that enhanced formation of CFU-e colonies in fetal and adult mouse erythroid tissue. The activity could be neutralized with anti-Ep but was inactive in the polycythemic mouse assay for Ep The rate of Ep production by mesangial cells was found to increase exponentially when the Po2 in the incubation atmosphere was decreased (Fig. 2) (34) , also enhanced Ep production in mesangial cell cultures. These findings indicate that the stimulus-sensing site and the Ep formation site are located within the same cell.
Our results are consistent with observations made bv other investigators. Fisher and co-workers, utilizing the indirect fluorescent antibody technique with anti-Ep, found intense fluorescence in the glomerular tuft of hypoxic human and animal kidneys (1). Furthermore, Burlington et al. (3) found in vivo active Ep in long-term cultures of goat glomeruli. The cell type they described in their cultures grew stacking and overlapping but the exact nature of these cells was not confirmed. Recently, McCully et al. (35) reported mesangial hyperplasia and erythrocytosis in rats after intrarenal injection of nickel subsulfide. They concluded that mesangial cells are implicated in Ep production. Our results, obtained in a well-defined culture system, support this view.
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